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ABSTRACT
The globally extractable salinity gradient (SG) energy from the mixing of seawater and
river water is estimated to be 3% of worldwide electricity consumption. Here we applied
carbonized peat moss (CPM) electrodes and molybdenum disulfide (MoS2) electrodes to a
concentration flow cell that is capable of harvesting SG energy based on the electrode
(pseudo-)capacitance together with the Donnan potential. The CPM electrodes were made from
the visually inexhaustible peat moss by a facile pyrolysis process. With two identical CPM
electrodes and a cation-exchange membrane, the cell produced a peak power density of 5.33 W m2

and an average power density of 950 mW m-2, the highest ever reported for CDLE-based

techniques, using synthetic seawater (30 g L-1 NaCl) and river water (1 g L-1 NaCl). The cells with
MoS2 electrodes and an anion-exchange membrane, although produced slightly lower power
density with a peak power density of 5.21 W/m2 and an average power density of 0.76 W/m2,
harvested more energy during each cycle with an energy density of 66.59 J/m2. The excellent
performance of the concentration flow cells was a result of the superior properties of the electrode
materials (the macroporous structure of CPM electrodes and the significantly expanded interlayer
spacing of MoS2), the assistance of Donnan potential, and the double-channel structure of the cell.
Both electrodes were durable as they could extract energy from highly saline water (300 g L-1
NaCl) and still worked well after 100 cycles. This study provides a new method to efficiently and
continuously harvest SG energy without an external charge.
Keywords: salinity gradient energy, double layer expansion, blue energy, CapMix, carbonized
peat moss, pseudocapacitor, MoS2
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1. INTRODUCTION
1.1.

Significance of salinity gradient energy
Salinity gradient (SG) energy is a huge resource of clean and renewable energy owing to

chemical potential difference in waters of different salt concentrations, such as seawater and river
water.1 Theoretically, it is estimated that 15,102 TWh of energy is discharged worldwide every
year at estuaries when river water flows into oceans.2 Considering the suitability, sustainability
and reliability of the utilization of this renewable energy, the global amount of practically
extractable SG energy from river mouths is still as great as 625 TWh per year, equivalent to 3%
of global electricity consumption.3-4 Although SG energy is commonly recognized as the mixing
of seawater and river water, there are many other potential sources including but not limited to
industrial wastewater, hypersaline lakes, and desalination effluents.5-7
1.2.

Traditional techniques and their limits
Traditional approaches to convert SG energy to power fall into two groups: membrane-

based techniques (i.e., pressure-retarded osmosis (PRO),8-10 reverse electrodialysis (RED)11-12) and
electrode-based techniques (i.e., capacitive mixing (CapMix))13-15. PRO utilizes a semi-permeable
membrane allowing only water molecules to pass through the membrane to convert osmotic
pressure into hydraulic head. PRO produced relatively higher power than other approaches (7.5 W
m-2 for seawater and freshwater); however, its commercialization is hampered by membrane
fouling and incapability of withstanding the necessary pressures.8-10 In RED, Donnan potential is
developed across an array of selective ion-exchange membranes with two electrodes at each end
working as current conductors. The maximum reported power density to date is 2.9 W m-2 for
RED,12 but currently it is too costly for large-scale industrial applications since it requires a stack
of expensive ion-exchange membranes.
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CapMix relies on interaction between electrodes and ionic species. Although the highest
power production of CapMix (0.4 W m-2)16 is far lower than membrane-based techniques, it is
gaining more attention because of its increasing performance. There are several CapMix
approaches designed with different working principles on electrodes: capacitive double layer
expansion (CDLE),13, 17 capacitive mixing based on Donnan potentials (CDPs),14, 18-19 and mixing
entropy batteries (MEBs). MEBs currently produce the highest power (0.4 W m -2)16 among all of
these CapMix techniques, but the Cu-containing electrodes bring a potential risk to pollute the
environment.20 CDPs produce half of the power of MEBs,19 and they are less economically
practical compared to MEBs or CDLE because they contain expensive ion-exchange membranes.
Although CDLE currently has very low power production (0.05 W m2),17 it only requires use of
porous carbon-based electrodes. The challenges for CDLE necessitate improvement in power
production and preventing energy leakage. Several reasons are ascribed to the low power
production of CDLE systems. The first one is the slow kinetics of double layer formation in CDLE
systems. The cycle time previously reported for CDLE systems last from minutes to hours,13, 17, 2122

which not only resulted in low power production, but also led to ineluctable electrode self-

discharge that wasted part of the stored energy.17 In addition, trapping of ions in porous electrodes
is inevitable and it compromised the cell potential.13, 22 Besides the low power density and partial
energy leakage, another limit of traditional CDLE system is the use of external charge that
introduced additional cost of the operation.13, 23-25
Recently, there is a new trend to harvest SG energy by concentration flow cells, in
combination of CapMix and RED.16, 26-27 Different from capacitive reverse electrodialysis (CRED)
which uses an entire RED stack with two electrodes at the ends,28 the new combination of CapMix
and RED utilizes one anion-exchange membrane placed between two identical electrodes in
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concentration flow cells 26-27, 29 This system harnessed energy from electrode potential and Donnan
potential resulting in a substantially high power density (12.6 W m-2) in a concentration flow cell
with synthetic seawater (30 g/L NaCl) and river water (1 g/L NaCl).29 Hexacyanoferrate electrodes
(e.g., CuHCF, NiHCF, MnHCF, and ZnHCF) were usually used in previous concentration flow
cells for SG energy recovery based on Na+ intercalation/deintercalation similar to sodium-ion
batteries.26 However, the battery electrodes were unstable due to the volume expansion resulting
from Na+ insertion. Hexacyanoferrate electrodes also have potential to pollute the environment.26
These problems could be tackled by using capacitive electrodes since most of capacitive electrodes
are carbon-based materials and little ion intercalation occurs.
1.3.

Objectives
To address the limitations from traditional techniques, this study explored two

environmental benign materials (carbonized peat moss and MoS2) as electrodes in capacitive
concentration flow cells, so that the system can harvest SG energy with less environmental impact
and higher efficiency.
Carbonized peat moss (CPM) has recently been reported as a promising anode candidate
in sodium ion batteries.30 The superior electrochemical performance is attributed to the unique
interconnected macroporous structure, which is beneficial to increasing the water permeability,
and further reducing the ion diffusion resistance.30 This favorable structure derives from the
macroscopic cellular structure of the precursor, peat moss leaf.30-32 Notably, peat moss is one of
the most abundant plant on the earth (covering 3 % of the land on the earth).33 Moreover, CPM is
synthesized through a one-step, cost-effective pyrolysis process. Therefore, CPM is expected to
be a promising material for SG energy recovery, featuring high potential for large-scale production
and excellent electrochemical activity.
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Molybdenum disulfide (MoS2) is a two-dimensional material which is recently found to be
a stable and high storage anode material for sodium ion batteries.34 The enhanced storage is
achieved by increased interlayer spacing resulting from a medium-ranged temperature
hydrothermal synthesis process.34 MoS2 is also widely applied in the field of biomedicine,
contaminant adsorption, photocatalysis and disinfection due to its electrical, physicochemical and
mechanical properties and its minimal toxicity.35-38 Experiments also showed it will not show longterm persistence in living systems and oxic natural waters.39 With the advanced electrochemical
properties and negligible environmental impact, the interlayer expanded MoS2 is emerging as a
competitive candidate for harvesting SG energy in concentration flow cells.
Here, a capacitive concentration flow cell was constructed with two identical self-made
electrodes (CPM or MoS2) separated by an ion exchange membrane, which fully utilized the
electrode potential and the Donnan potential for SG energy recovery. This system overcame the
problems regarding the low power density, the energy leakage, and the need for external charge of
CDLE systems mentioned above. Meanwhile it avoided the stability issue and the potential
environmental risk by using hexacyanoferrate electrodes. Although the maximum power density
(5.33 W m-2) was lower than that of concentration flow cells with battery electrodes (12.6 W m2 29

), the power density was much higher than those of CapMix (max. 0.66 W m-2),16 RED (max.

2.9 W m-2),12 and CRED (max. 95 mW m-2)28. By combining with the Donnan potential, no
external charging was needed. These factors, together with the low cost and good stability (worked
well over 100 cycles) of these two capacitive electrode materials make this capacitive
concentration flow cell very attractive for SG energy recovery.
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2. MATERIALS AND METHODS
2.1.

Synthesis of electrode materials
The CPM powder was made of Peat Moss (Hoffman, Canada) using modified method from

Jing et al.30 Small wood sticks, coarse stalks of peat moss were removed before processing and
heating. Fine peat moss leaves were carbonized in a tube furnace (GSL-1100X, MTI corporation,
US) at different temperature (600, 750, 900, or 1000 °C) with argon flow of 100 sccm min-1 and
5 °C·min-1 heating rate. The obtained carbon was washed in 20% NaOH at 70 °C for 2 h and 2 M
HCl at 60 °C for 15 h to remove the impurities. The samples were then rinsed by MQ-water and
collected by filtration. After drying at 120 °C in an oven, the CPM powder was achieved.
The MoS2 nanosheets with an expanded interlayer spacing were synthesized by a
hydrothermal method adapted from Dong et al.34 1 mmol (NH4)6Mo7O24·4H2O and 30 mmol
thiourea were dissolved in 35 ml DI water under stirring. The solution was kept stirring until the
solutes were totally dissolved, and then the solution was transferred to a Teflon-lined stainlesssteel autoclave. The autoclave was sealed and maintained at 140°C, 160°C, 190°C, or 220°C for
24 h. After cooling to room temperature naturally, the powders were collected by centrifuging the
mixture, rinsed with absolute ethanol several times, and then dried in vacuum at 60°C.
2.2.

Preparation of electrodes
The electrode materials contained active material (80 wt%), carbon black (10 wt%, Vulcan

XC72R, Cabot), and polyvinyledenefluoride (PVDF, 10 wt%) (Beantown Chem., US). PVDF was
dissolved in N-methylpyrrolidone (VWR, US) with a weight percentage of 1.5%. Carbon paper
was cut into a 3×3 cm square and activated by 1 M HCl overnight, then washed by MQ-water and
dried in an oven. The slurry of electrode materials was evenly spread on both sides of the activated
carbon paper in a shape of 1×3 cm and dried in an oven. Each carbon paper contained
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approximately 40 mg of active material (32 mg), carbon black (4 mg), and PVDF (4 mg).
Commercial activated carbon (CAC) (NORIT A SUPRA, Cabot) electrodes were made following
the same procedures and tested for comparison.
2.3.

Configuration and operation of capacitive concentration flow cells
The configuration of capacitive concentration flow cells (Figure 2.1) was adapted from

previous studies.26, 29 Two channels (1 cm in width, 3 cm in height, 127 µm in thickness) were
separated by a cation-exchange membrane (Selemion CMV, AGC Engineering Co., Japan), anionexchange membrane (Selemion AMV, AGC Engineering Co., Japan) or a filtration membrane
(PEF membrane, GVS Filter technology, US). Electrodes were placed at the end of each channel
and surrounded by a gasket with a 3×3 cm window. Behind the electrodes, there were titanium
foils to serve as current collectors. Two end plates were used to seal the cell with bolts and nuts.
The cell was fed with two different NaCl solutions at the same time. One side of the cell
was fed with low concentration (LC, 1 g L-1) NaCl solution to represent river water, while the other
side was fed with high concentration (HC, 30 g L-1) NaCl solution to represent sea water. When
exploring the feasibility of harvesting SG energy from brine water, higher concentration (up to
300 g L-1 NaCl) was used as HC fed solution. The flow rate was controlled at 15 mL min-1 by a
peristaltic pump (Masterflex, Cole-Parmer, US) with a hydraulic retention time of ~ 0.15 s. Open
circuit voltages (OCVs) of concentration flow cells were recorded using a potentiostat (VMP3,
Bio-Logic, US) with HC and LC solutions switched every 2 min.
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Figure 2.1. Configuration (a) and photos (b) of a concentration flow cell.

In order to test the power output, different external resistors (Rext = 25, 20, 15, 10, 8, 6, 4,
3 Ω) were connected between the electrodes while the HC and LC solutions are switched. For each
external resistor, at least four full cycles were conducted. Each cycle starts by switching the flow
paths of HC and LC solutions and ended when the cell voltage (U, in V) decreased below ±5 mV
except when indicated. The cell voltage was recorded using the Bio-Logic potentiostat and the
power production was then obtained by P = U2/Rext. Power density was calculated by dividing the
power over the electrode working area (3 cm2) and the average power density was obtained by
integrating the power density over a cycle and then divided by the cycle time. Energy density was
the integration of the power density during a whole cycle.
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2.4.

Characterizations of electrodes
The surface area and average pore size were characterized by nitrogen adsorption at 77.35

K using a 3-point Brunauer-Emmett-Teller (BET) method and BJH theory in a porosimeter (ASAP
2020 PLUS, Micromeritics, US). The morphology of the materials was examined by a scanning
electron microscopy (SEM) (JSM-6610 LV, JEOL Ltd. Japan). X-ray Diffraction (XRD) analysis
was performed using an X-ray diffractometer (Empyrean, Malvern Panalytical, UK) with Cu Kα
radiation in a 2θ range from 10° to 70° with scanning rate of 2° min-1. The interlayer spacing was
calculated using Bragg equation from the peak center (at 2θ ~ 24°). The Cl and Na compositions
on the electrodes after discharging were analyzed by an X-ray photoelectron spectroscopy (XPS)
(ESCA 2SR, Scienta Omicron, US) using a twin-anode Al Kα (1486.6 eV) X-ray as the excitation
source. All the spectra were measured in a vacuum of 1.3 ×10−8 Pa. The peak positions were
calibrated against the C 1s peak at 284.3 eV. Zeta potentials of CPM and CAC powders were
measured using a zeta potential analyzer (Zetasizer Nano, Malvern Panalytical, UK). The
concentration of carbon powder was 300 mg/L in both 30 g L-1 (HC) and 1 g L-1 (LC) NaCl
solutions.
Electrochemical characterizations were conducted using the Bio-Logic potentiostat in a
single-chamber cell containing a 20 mL NaCl solution with a CPM or MoS2 electrode as the
working electrode, a platinum coated titanium electrode as the counter electrode, and an Ag/AgCl
reference electrode. All potentials were reported here versus the Ag/AgCl electrode (+210 mV vs.
a standard hydrogen electrode, SHE). Electrode potentials of CPM electrodes in NaCl solutions
with different concentrations (1, 5, 10, 20, 30, 40, 50 g/L) were recorded using the potentiostat.
Cyclic voltammetry (CV) was performed with a scan rate of 1 or 2 mV s-1 in HC solution. The
specific capacitance of an electric double layer (EDL) was estimated by CEDL = i/(ν×m),40 where
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CEDL is the EDL capacitance (F/g), i is the constant current (A) in CV curves, v is the scan rate (V
s-1), and m is the mass of activated material on carbon paper (g). Galvanostatic charge–discharge
curves were employed to determine the specific capacitance based on the formula C = IΔt/(mΔV),
where C is the capacitance (F/g), I is the applied current (A), Δt is the time length (s), m is the
mass of the activated material (g), and ΔV is the voltage range of the charge-discharge curve (V).
Resistance components of an electrode in different concentrations of NaCl solutions were
measured using Electrochemical Impedance Spectroscopy (EIS), which was performed with a
perturbation amplitude of 10 mV around the equilibrium potential (OCV). The data were collected
in the frequency range from 100 kHz to 10 mHz.
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3. CONCENTRATION FLOW CELLS WITH CARBONIZED PEAT MOSS
ELECTRODES 1
3.1.

Performance of the cells with CPM electrodes carbonized at different temperatures
The peat moss precursor was carbonized in different temperature (600, 750, 900, or

1000 °C) to explore the optimal carbonizing temperature. The as-prepared carbonized peat moss
electrodes were named CPM-600, CPM-750, CPM-900 and CPM-1000, where the numbers refer
to the carbonized temperatures. The morphology of CPM materials was examined by SEM (Figure
3.1a). Compared to commercial activated carbon (CAC) (Figure 3.1b), obvious macroscopic pores
(~10 μm) were observed on CPM materials. This cross-linking macroporous structure was derived
from the thin cell wall of peat moss. Carbonized temperatures of peat moss had an influence on
the properties of CPM electrodes and further the electrical performance of the cells with CPM
electrodes. The results of BET and XRD analysis are shown in Table 3.1. The specific surface area
of CPM materials decreased noticeably as the carbonized temperatures increased from 600 °C to
1000 °C, which was consistent with previous study.30 The shrinking surface area was due to the
decreasing percent of micropores and the increasing fraction of mesopores,30 which also led to an
increasing of average pore size. The interlayer spacing calculated based on XRD patterns (Figure
3.2) also decreased as the increase of carbonized temperatures, but they were all larger than those
of CAC.

This chapter was previously published as “Carbonized peat moss electrodes for efficient salinity gradient
energy recovery in a capacitive concentration flow cell.” Electrochimica Acta 294 (2019): 240-248.
Reprinted by permission of Elsevier.
1
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Figure 3.1. SEM images of (a) CPM-900 and (b) commercial activated carbon (CAC).
Table 3.1 The specific surface area (SBET), average pore size, interlayer spacing (d002) of CPM materials
and commercial activated carbon (CAC)

CPM-600
CPM-750
CPM-900
CPM-1000
CAC

SBET (m2/g)

Average pore size
(nm)

d002 (Å)

50.95
46.74
42.57
32.83
490.61

1.89
1.92
1.98
2.03
1.70

3.79
3.71
3.69
3.66
3.60

Figure 3.2. (a) XRD patterns of the CPM specimens and commercial activated carbon (CAC).
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As a result of the changes of these physical parameters, the OCVs, power densities, and
energy densities of the cells varied with the heating temperatures of electrode materials (Figure
3.4). The highest OCV (ca. ± 0.15 V) was achieved in the cell with CPM-900 electrodes, higher
than those with CPM-600 (0.11 V), CPM-750 (0.13 V), and CPM-1000 (0.14 V). The OCV of ±
0.15 V was similar to those of previous studies on concentration flow cells for SG energy
recovery,27, 29 but much higher than those of CDLE-based techniques (Table 3.2). Beside the
magnitude of OCVs, the sensitivity to NaCl solutions for each kind of CPM electrodes differed
(Figure 3.4). It took longer time for CPM-600 (~100 s) and CPM-750 (~60 s) to reach equilibrium.
For CPM-900 and CPM-1000, equilibrium was reached shortly within 20 seconds, which, as will
be discussed later, was an outcome of lower mass transfer resistance.

Figure 3.3. Open circuit voltages of concentration flow cells with CPM-600, CPM-750, CPM-900, and
CPM-1000 electrodes.

12

Table 3.2. Summary of performance of CapMix (or derived) systems to harvest SG energy
Potential
Average
External
Electrodea
Membrane
rise
power
Ref.
power
(mV)
(mW/m2)

CDLE
based

CDP
based

2 AC

no

yes

33

7

13

2 AC

no

no

60

50

17

2 modified AC
(p-TSA & PEI-EN)

no

yes

83

28

25

2 modified AC
(PSS & PDADMAC)

no

no

62

12

41

2 modified AC
(PSS & PDADMAC)

no

yes

120

50

23

2 modified AC
(QPVP & HNO3)

no

no

150

65

42

2 modified AC
(p-TSA)

no

yes

110

48

24

graphene hydrogel

1 AEM

no

105

417

27

2 AC

1 CEM

no

153

950

This study

2 AC

AEM & CEM

no

119

13

14

2 AC

AEM & CEM

yes

148

205

19

2 AC

AEM & 2 CEMs

no

450

95

28

NMO , Ag

no

no

134

105

15

2 CuHCF

no

no

81

411

16

2 CuHCF

1 AEM

no

157

3760

29

1 NMO 1 AC

1 AEM

no

150

97

21

c

35

43

9

44

b

MEB
based

others

AC

AEM and CEM

yes

122

AC

AEM and CEM

no

33

Notes:
a. AC = activated carbon, brackets after modified AC indicate the chemicals used;
b. NMO = sodium manganese oxide;
c. Potential rise is not available, the number indicates the open-circuit voltage.
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Figure 3.4. (a) Peak power densities of concentration flow cells with CPM-600, CPM-750, CPM-900, and
CPM-1000 electrodes at different external resistances (cutoff voltage was 5 mV). (b) Peak power
densities, average power densities, and energy densities of concentration flow cells with CPM-600, CPM750, CPM-900, and CPM-1000 electrodes at an external resistance of 8 Ω (cutoff voltage was 5 mV).

Power production of concentration flow cells was then examined at varied external
resistances (Figure 3.4b). For each cycle, the cell voltage and the power density of concentration
flow cells firstly increased and then gradually decreased until the flow paths of HC and LC
solutions were switched. After switching, the cell voltage was reversed, and power was produced
again for another cycle (Figure A.1 in appendix A). The peak power densities first increased and
then decreased with the increase of external resistances. The optimum peak power densities were
obtained at an external resistance of 8 Ω for the cells with CPM-1000 (4.90 ± 0.14 W m-2) and
CPM-900 (5.81 ± 0.14 W m-2) electrodes, while the optimum peak power densities were obtained
at a larger external resistance of 10 Ω for the cells with CPM-600 (0.70 ± 0.06 W m-2) and CPM750 (2.99 ± 0.25 W m-2) electrodes (Figure 3.4a). Optimal Rext for the cells with CPM electrodes
were different, indicating varied internal resistances of the cell due to the different characteristics
of the electrodes. Similar to OCVs, the highest power density was produced in the cell with CPM900 electrodes. The CPM-900 electrodes had a peak power density of 5.81 ± 0.14 W m-2, an
average power density of 0.60 ± 0.03 W m-2, and an energy density of 34.7 ± 0.29 J m-2 at an
external resistance of 8 Ω and a cutoff voltage of 5 mV (Figure 3.4b).
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The peak power density reported here (5.81 W m-2) was much high than other capacitive
concentration flow cells with carbonaceous electrodes, such as hydrogel carbon (max. 2.2 W m-2)
27

and commercial activated carbon (max. 3.5 W m-2, Figure A.2). The macroporous structure of

CPM materials (Figure 3.1) made it fundamentally different from the CAC. This openness
facilitated liquid penetration and explained why the cell with CPM electrodes produced higher
power than that with CAC electrodes. Although hydrogel carbon had a similar macroporous
structure as CPM materials, the cell with hydrogel carbon electrodes did not produce a high power
as that with CPM electrodes due to the larger internal resistance (60 Ω).27 In sum, the high
performance of the cell with CPM electrodes is attributed to the macroporous structure and the
low internal resistance.
3.2.

Influences of cutoff voltages
The voltage at which the HC and LC solutions were switched was called the cutoff voltage,

which affected the peak power density, average power density, and energy density of the
concentration flow cell with CPM-900 electrodes (Figure 3.5). The highest peak power density
was 6.68 ± 0.07 W m-2 at a cutoff voltage of 1 mV, but the corresponded average power density
was compromised to 0.30 ± 0.01 W m-2 due to the long discharging time. Slightly increasing the
cutoff voltage to 10 mV significantly improved the average power density to 0.90 ± 0.05 W m-2.
The peak power density decreased with the increase of cutoff voltages, whereas the average power
density showed an opposite trend (Figure 3.5a). The tradeoff between peak power densities and
average power densities consisted with previous studies.29 When the cutoff voltages were higher
than 40 mV, the average power density was similar to the peak power density, implying the
possibility of constant power production.
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Figure 3.5. The effect of cutoff voltages on (a) peak and average power densities and (b) energy densities
of the concentration flow cell with CPM-900 electrodes at an external resistance of 8 Ω.

Energy densities decreased almost linearly with the increasing cutoff voltages (Figure 3.5b).
This can be explained from the energy density calculation, which is the integration of the power
density on the time scale. Larger cutoff voltages decreased the discharge time and thus the energy
density was also minimized. The maximum energy density obtained here was 40 J m-2 at a cutoff
voltage of 1 mV, but this sacrificed a large portion of the average power density as mentioned
before. Taking the peak power density, average power density, and energy density all into account,
a cutoff voltage of 10 mV was used for further tests.
3.3.

Influences of NaCl concentrations
To determine the feasibility of this system for SG energy recovery from highly saline

waters, we tested the electrical performance of the concentration flow cell with CPM-900
electrodes using solutions with different salinities. The LC solution was fixed at 1 g L-1 NaCl and
the HC solution varied from 5 to 300 g L-1 NaCl. The measured OCVs increased from 0.07 V to
0.24 V, which was generally in agreement with calculated OCVs (Figure 3.6a, calculations will be
illustrated later). A little discrepancy between measured and calculated OCVs was observed at
high concentrations of HC solutions, which could be due to the decreasing selectivity of
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membranes.7 The peak power densities, average power densities, and energy densities also
increased with the increasing concentrations of HC solutions ((Figure 3.6b). The maximum peak
power density was 18.24 ± 0.09 W m-2 at a HC concentration of 300 g L-1, the corresponded
average power density and energy density were 2.29 ± 0.05 W m-2 and 108 ± 0.09 J m-2. These
results indicate the potential for harvesting SG energy from highly saline waters using CPM
electrodes.

Figure 3.6. (a) Measured and calculated OCVs of the concentration flow cell with CPM-900 electrodes as
a function of HC concentrations (LC = 1 g L-1 NaCl). (b) Peak power densities, average power densities,
and energy densities of the concentration flow cell with CPM-900 electrodes as a function of HC
concentrations (LC = 1 g L-1, Rext = 8 Ω, cutoff voltage = 10 mV).

3.4.

Stability of the capacitive concentration flow cell
The stability of the concentration flow cell with CPM-900 electrodes was examined by

running the cell for 100 cycles. An electrode conditioning period was observed. The peak power
densities, average power densities, and energy densities slightly increased for the first 50 cycles,
and then became stable (Figure 3.7). The slight increase at the beginning suggested the non-perfect
permeability of the electrode due to either the structure of the material or the PVDF binder
inhibiting the electrode to be fully saturated at the beginning. For the last 50 cycles, the peak power
density was stable with a value of 5.33 ± 0.30 W m-2, the average power density was 0.95 ± 0.04
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W m-2, and the energy density was 29.87 ± 1.07 J m-2. Overall, the concentration flow cell with
CPM-900 electrodes produced high and stable power densities over the course of 100 cycles.
The good stability of this system could be due to the working principle of the double layer
expansion instead of Na+/Cl- insertions (more details will be given later) and the steady structure
of CPM materials. The walls of peat moss cells contained about 20% in weight of α-cellulose,
which helped the cell walls build up a stubborn interconnected framework.31-32 This threedimensional macroporous framework was very stable and didn’t collapse even when carbonized
at 900°C (Figure 3.1).

Figure 3.7. Peak power densities, average power densities and energy densities of the concentration flow
cell with CPM-900 electrodes over 100 cycles (Rext =8 Ω, cutoff voltage = 10 mV).

3.5.

Electrochemical characterizations of CPM electrodes
CPM materials have been used in sodium-ion batteries, where Na+ intercalation/

deintercalation occurred,30 whereas no Na+ and Cl- intercalation/deintercalation was observed in
concentration flow cells with CPM electrodes. The smooth rectangular CV curves (Figure 3.8)
suggested that it was the formation of electric double layers (EDLs) rather than redox reactions
that stored SG energy inside the electrodes. The difference could be a result of dissimilar
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electrolytes and working potential ranges. In sodium-ion batteries, NaClO4 dissolved in a mixture
solvent of ethylene carbonate and diethyl carbonate was used as the electrolyte and the CV was
conducted from 0 to 2.5 V vs. Na+/Na (i.e. –3.0 to –0.5 V vs. Ag/AgCl),30 while CPM electrodes
was exposed to NaCl solutions and scanned from –0.5 to 0.6 V vs. Ag/AgCl in this study.

Figure 3.8. CVs of CPM-600, CPM-750, CPM-900, and CPM-1000 electrodes in 30 g/L NaCl solutions
at a scan rate of 2 mV/s.

The areas of constant current as electrode potentials increasing or decreasing indicated that
the energy was stored in EDLs. The specific capacitance values of EDLs were calculated based on
the constant current, which were 8.1 F/g for CPM-600, 29.5 F/g for CPM-750, 45.0 F/g for CPM900, and 71.1 F/g for CPM-1000 electrodes. Larger capacitances were obtained for CPM
electrodes carbonized at higher temperatures, which, according to Gouy-Chapman-Stern (GCS)
theory,45 could be due to increasing volume of mesopores (larger than 2 nm).30 In a binary
electrolyte (NaCl in this study), the thickness of a EDL (Debye length) could be around 1 nm.46
Therefore, macro- and mesopores favor more EDLs than micropores (which were dominant for
commercial activated carbon30). This phenomenon was also observed by previous studies on
activated carbon supercapacitor.47-48
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Figure 3.9. Charge transfer resistance and mass transfer resistance of CPM electrodes in 30 g L-1 NaCl.

Although the highest power density was produced in the cell with CPM-900 electrodes, its
capacitance value was lower than that of CPM-1000 electrodes. This indicated that the capacitance
of an EDL is not the only factor that should be considered in determining the performance of the
cell. Here, EIS was further used to characterize the CPM electrodes carbonized at different
temperatures. The Nyquist plots of all CPM electrodes consisted of a semicircle at high frequencies
and a straight line at low frequencies (Figure 3.9). The first intercept of the semicircle with the Xaxis reflected the solution and electrical conductivity of the electrodes (Rs). The diameter of the
semicircle related to the charge transfer resistance (Rct), which implied intercalation or redox
reactions in the electrodes. The straight line, associated with the Warburg impedance (s), resulted
from the ion diffusion in the porous electrode structure.
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Table 3.3. Fitting results of EIS data with the Randles model (in 30 g/L NaCl solution)
Parameters

CPM-600

CPM-750

CPM-900

CPM-1000

RS (Ω)

2.59

2.46

2.71

2.51

Q (F·s (a - 1))

3.83E-2

3.08E-3

5.68E-5

5.19E-5

α

0.7261

0.8119

0.9029

0.9345

Rct (Ω)

71.4

8.54

6.32

1.74

s (Ω·s-1/2)

180.7

8.39

2.31

1.49

Notes: RS is the solution resistance, Q represents the constant phase element and its Nyquist plot is a
straight line with a -απ/2 angle with the real axis. Rct is the charge transfer resistance, s is the estimation of
Warburg impedance.

The EIS data fitted well with the Randles model (Figure A.3) if using a constant phase
element (non-ideal capacitor). Table 3.3 shows the fitting results. The Rs was only around 2.5 Ω
in HC solutions and there was no significant difference on Rs for the four electrodes in the same
solution. Because the ionic conductance of the salt solutions is much lower than the electrical
conductivity of the electrodes and current collector, Rs can be assumed to be largely the resistance
of the salt solution. It is demonstrated that the CPM electrodes had excellent electrical conductivity.
The electrochemical behavior of CPM electrodes was more similar to a capacitor when it was
carbonized at higher temperatures, as the parameter α was closer to 1 for CPM-900 and CPM-1000
electrodes. The diffusion resistance (s) became smaller for CPM electrodes carbonized at higher
temperature. This explained the quicker equilibrium achievement on OCVs for CPM-900 and
CPM-1000 in comparison to the other two. Minor redox reactions were indicated by Rct and its
value decreased as carbonized temperatures increased. The XPS analysis further confirmed that
there are little ions insertion on CPM electrodes (Figure 3.10). The Na+ ratio on CPM-900
electrodes increased by 0.3 % and the Cl– ratio rose by 0.1 % after working in HC solutions. The
little changes of ion ratios compared with previous research26, along with the CV curves indicated
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that the redox reactions were not dominant. Instead, EDLs formed on CPM electrodes in
concentration flow cells.

(a)

(c)

(b)

(d)

Figure 3.10. (a) Elements composition of CPM-900 electrode from XPS survey, (b) Cl ion and Na ion
ratio in electrodes after working in HC and LC. XPS response of (c) Na ion and (d) Cl ion from CPM-900
electrode before using (raisin in DI water) and after using (in HC and LC).

3.6.

Working Principles of the capacitive concentration flow cell
The working principle of a capacitive concentration flow cell with CPM electrodes is

illustrated in Figure 3.11. The cell voltage (~0.15 V) was a combination of the electrode potential
difference resulting from the CDLE (~0.07 V) and the Donnan potential (~0.08 V) (Figure 3.11a).
When two electrodes were connected, Na+ transferred from the HC channel to the LC channel
through the CEM driven by the Donnan potential. Meanwhile the electrode potential difference
also provided another driving force that made electrons flowing from the anode in the HC solution
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to the cathode in the LC solution. On the electrodes with negative surface charges (as demonstrated
by negative zeta potentials, Figure A.4), Na+ ions were adsorbed on the surface, while Cl- ions
moved into the EDL of the anode in the HC solution and out of the EDL of the cathode in the LC
solution to keep the charge balance (Figure 3.11b).

Figure 3.11. (a) Potential profile across the cell. Orange arrow marks the Donnan potential, black arrow
marks the cell potential. (b) Schematic representation of ions transportation and distribution throughout
the whole cell.

The electrode potential difference in the HC and LC solutions is a result of thickness
change of EDLs. According to the GCS model and the Poisson-Boltzmann equation, the potential
of an EDL is:49
𝜑𝐸𝐷𝐿 =

𝐿𝜎
2𝑘𝑏 𝑇
𝜎
=
sinh−1(
)
𝜖0 𝜖𝑟
𝑒
√8𝐶𝑠 𝑁𝐴 𝜖0 𝜖𝑟 𝑘𝑏 𝑇

(1)

where σ is the surface charge density, Cs is the salt concentration, and L is the effective
thickness of the EDL. Other parameters like Avogadro’s constant NA, electric constant 𝜖0 , relative
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dielectric constant 𝜖𝑟 , Boltzmann constant 𝑘𝑏 , electron charge e, and temperature T are positive
constant in this study. This equation indicates that the magnitude of EDL potential will be lower
when the Cs is larger. The spontaneous potentials of CPM electrodes, as a result, decreased as the
concentrations of NaCl solutions increased, which was proven by experimental data (Figure 3.12).
Based on the experimental results, the electrode potential difference in the cell could be calculated
as:
𝛥𝜑 = 0.0478(log10 𝐶𝐿 − log10 𝐶𝐻 )

(2)

where CL and CH (g L-1) are the concentration of LC and HC solutions. The difference of
the electrode potentials in 30 g/L (~0.3 V) and 1 g/L (~0.23 V) solutions was shown to be ~0.07
V, which was higher than most of the activated carbon previously reported.17, 50

Figure 3.12. Spontaneous potentials of the CPM-900 electrode in 1, 5, 10, 20, 30, 40, 50 g/L NaCl
solutions.

On the other hand, the Donnan potential (~0.08 V) was generated across the CEM as Na+
transferred from the HC channel to the LC channel. The Donnan potential can be calculated by the
Nernst equation:
𝛥𝐸 =

𝑅𝑇
𝐹

𝑎

+ ,𝐻𝐶

ln( 𝑎𝑁𝑎

𝑁𝑎+ ,𝐿𝐶
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)

(3)

where R is the gas constant (8.314 J mol-1 K-1), T is absolute temperature (298 K in this
research), F is the Faraday constant (96485 C mol-1), and a is activity. According to Eq. (3), the
Donnan potential is 0.08 V, which was consistent with the OCV of the cell in the absence of active
CPM electrodes (Figure 3.13a, dashed line). Eq. (2) and Eq. (3) were also used to calculate the
OCVs of the cell fed with higher salinity waters (Figure 3.6a). The good agreement between
experimental data and the calculated values further corroborated the working principle.

Figure 3.13. (a) Open circuit voltages of the cells with non-active (carbon paper) electrodes separating by
an AEM, CEM, or FM. (b) Open circuit voltages of the cells with CPM-900 electrodes separating by an
AEM, CEM, or FM.

To further substantiate the ions movement, the CEM was changed to a filtration membrane
or an AEM with OCVs monitored (Figure 3.13b). When the CEM was replaced by a non-selective
membrane (filtration membrane, FM), the OCV of the cell decreased to ~0.05 V (Figure 3.13b,
dotted line), which should be only resulted from the electrode potential difference (~0.07 V) since
no Donnan potential existed across a filtration membrane. The reason for the discrepancy (~0.02
V) was due to a junction potential created by the filtration membrane (Figure 3.13a, dotted line),
which has also been observed in previous studies.16, 24, 29 When the junction potential was taken
into account, the OCV of the cell was ~0.07 V, similar to the electrode potential difference.
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Furthermore, when the CEM was replaced by an AEM to separate the CPM-900 electrodes, the
OCV of the cell decreased to a much lower level (0.01 V) (Figure 3.13b, solid line), as the Donnan
potential generated by Cl- transferring across an AEM (~0.08 V, Figure 3.13a, solid line) was
opposite to the potential difference generated on the electrodes (~0.07 V).
An interesting phenomenon was that a peak appeared at the beginning of each cycle when
an AEM was used (Figure 3.13b, solid line). The peak value was around 0.07 V which matched
the Donnan potential generated across an AEM (Figure 3.13a, solid line). Then, the opposite
electrode potential difference made the OCV gradually decrease to 0.01 V. The delay of
equilibrium could be due to the slow kinetics of the CDLE, which has been noticed in previous
studies as traditional CDLE-based techniques with the cycle time lasted from minutes to hours.13,
17, 21-22

As a result, the average power densities of CDLE-based techniques were usually very low

(max. 65 mW m-2 42). However, this problem was tackled in this study. First, with feeding solutions
flowing through the cell, mechanical agitation accelerated the formation of EDLs. Besides, the two
channels separated by a membrane allowed two electrodes to work in different solutions at the
same time, which halved the cycle time. Moreover, Na+ transference from the HC solution to the
LC solution across the CEM provided a driving force to the movements of Cl- ions in EDLs. The
fast kinetics of the CDLE in this study was proved by the quicker equilibrium achievement of the
OCV of the cell with the CEM than those with a FM or an AEM (Figure 3.13b).
Apart from improving kinetics of the CDLE, the double-channel structure of concentration
flow cells allowed this system to fully utilize the electrode potentials. When the CDLE was first
used in SG energy recovery, the electrodes were immersed in stagnant solutions with periodically
changing solutions. The cell voltage was usually lower than the electrode potential difference in
HC and LC solutions,13, 22 due to the partially trapped ions inside the electrode. However, no such
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notable compromise of electrode potentials was observed in this study with the 0.07 V of electrode
potential difference fully utilized. In addition, compared to traditional CDLE-based techniques, no
external charge was needed for this system since the Donnan potential was used as the driving
force for the formation of EDLs.
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4. CONCENTRATION FLOW CELLS WITH MOLYBDENUM DISULFIDE
ELECTRODES
4.1.

Performance of MoS2 electrodes with different interlayer spacing
The two-dimensional material MoS2 has been successfully used as an anode material in

lithium ion or sodium ion batteries,51-52 particularly the MoS2 with expanded interlayer spacing.5355

The MoS2 synthesized in this research were labelled as MS220, MS160, and MS140, with the

numbers indicating the heating temperature (°C) used in the hydrothermal method. The heating
temperature is critical for the synthesis as it efficiently controlled the interlayer spacing of MoS2
as shown in Figure 4.1. The diffraction peaks at 2θ = 14.0°, 32.5°, 39.5°, 44.1°, 49.8° and 58.3°
can be indexed to the (002), (100), (103), (006), (105) and (110) planes of the hexagonal MoS2
(JCPDs card number 37−1492). The (002) peaks shifted from 14.0° in MS220 to 9.4° in MS160,
which means their lattice spacings (d) increased form 0.63 nm to 0.96 nm. The appearance of the
(004) peaks is also an evidence of increased interlayer spacing, as demonstrated by the dual
relationship between the d spacings.37, 56 Further reducing the heating temperature to 140° did not
result in a larger interlayer spacing while significantly reduce the crystallinity as shown by the
broadened and less intense peaks.
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Figure 4.1. XRD pattern of MS220, MS160, and MS140 and the standard pattern of MoS2.

Figure 4.2.(a) Representative OCV curves and (b) power and energy production of concentration flow cell
with MS220, MS160, and MS140 (Rext = 10 Ω, cutoff voltage = 8 mV).

The 52% increase in interlayer spacing had significant impact on the performance of the
MoS2 material on harvesting SG energy. The representative OCV curves are shown in Figure 4.2
(a). The OCV increased from 0.10 V (MS220) to 0.15V (MS160) when the interlayer spacing
increased from 0.63 nm to 0.96 nm. However, the OCV of MS140 became unstable: when the flow
direction was switched, the OCV is reversed, reached the maximum value of 0.15 V, and then
gradually decreased to 0.10 V, which could be due to the less crystallinity of the MS140. The
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ordinary MoS2 (MS220) produced minimum power compared with the other two MoS2 specimens.
The highest power and energy production were obtained when MS160 was applied, with a peak
power density of 5.21 W/m2, an average power density of 0.76 W/m2, and an energy density of
66.59 J/m2, which was 6 times of the peak power density of MS-220 (0.82 W/m2), 11 times of the
average power density of MS220 (0.07 W/m2), and 34 times of the energy density of MS220 (1.93
J/m2). The performance did not increase when the MS140 electrodes were applied, as indicated by
the unstable OCV.

4.2.

Influences of NaCl concentrations
Same as the CPM electrodes, MS160 is also a material that enable the system to harvest

SG energy from highly saline waters. By fixing the LC solution at 1 g L-1 and varying the HC
solution from 5 to 300 g L-1, we evaluated the performance of the concentration flow cell with
MS160 electrodes under different salinities. The measured OCVs increased from 0.07 V to 0.24
V (Figure 4.3), which indicates similar working principle of MoS2 to CPM. From Figure 4.3 (b),
gradual increments of peak power densities, average power densities, and energy densities were
observed. When the HC concentration is 300 g L-1, the peak power density was 15.67 ± 0.06 W m2

, the average power density was 1.41 ± 0.03 W m-2, and the energy density was 181.10 ± 0.21 J

m-2. These results indicate the feasibility of applying layer expanded MoS2 for SG energy recovery
from highly saline waters.
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Figure 4.3. (a) Measured and calculated OCVs of the concentration flow cell with MS160 electrodes as a
function of HC concentrations (LC = 1 g L-1 NaCl). (b) Peak power densities, average power densities,
and energy densities of the concentration flow cell with MS160 electrodes as a function of HC
concentrations (LC = 1 g L-1, Rext = 10 Ω, cutoff voltage = 8 mV).

4.3.

Stability of the capacitive concentration flow cell
MS160 showed satisfying stability when working as an anode in sodium ion batteries,57

which was also expected in this study. The stability of the MS160 electrodes for harvesting SG
energy was examined by running the cell for 120 cycles. Analogous to CPM electrodes, the MS160
demonstrated an electrode conditioning period. The peak power densities, average power densities,
and energy densities slightly increased for the first 50 cycles, and then became stable (Figure 4.4).
The peak power density was determined to be 4.99 ± 0.23 W m-2, with an average power density
of 0.59 ± 0.03 W m-2, and an energy density of 73.38 ± 3.68 J m-2. A relatively high energy density,
compared with the cell with CPM electrodes (29.87 ± 1.07 J m-2), was due to the larger external
resistance (10 Ω rather than 8 Ω for CPM electrode) applied to the cell and the smaller cutoff
voltage (8 mV instead of 10 mV for CPM electrode), resulting in a longer cycle time. This also
explained the lower average power density than cell with CPM electrodes (0.95 ± 0.04 W m-2).
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Figure 4.4. Peak power densities, average power densities and energy densities of the concentration flow
cell with MS160 electrodes over 120 cycles (Rext =10 Ω, cutoff voltage = 8 mV).

4.4.

Electrochemical characterizations of MoS2 electrodes
Expanding the interlayer spacing has been proved to be a straightforward and efficient

strategy to alleviate the restriction of ion intercalation.54-56 To further elucidates how the interlayer
spacing facilitated the electrochemical process took place in the materials, CV and EIS were
conducted for different MoS2 specimens. Figure 4.5(a) shows the CV curves of MS140, MS160
and MS220. The smooth curve suggests that the MoS2 functioned as a pseudocapacitor when
working in NaCl solution:
𝑀𝑜𝑆2 + 𝑥𝑁𝑎 + + 𝑥𝑒 − = 𝑁𝑎𝑥 𝑀𝑜𝑆2

(1)

The greatly enlarged area of the CV curves suggests a much higher pseudocapacitance of
MS140 and MS160, compared with MS220, which was in accordance with the power production.
The capacitances, calculated based on the charge-discharge profiles (Figure 4.5b), are 15 F/g for
MS220, 50 F/g for MS160 and 55 F/g, for MS140. The slightly higher pseudocapacitance of
MS140 coinciding with its larger CV curve area compared with MS160.
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Figure 4.5. (a) CVs curve of the MoS2 electrodes at a scan rate of 1 mV/s. (b) Galvanostatic chargedischarge curves recorded at 0.2 A/g.

Although the CV curve clearly showed the pseudocapacitance of MoS2 was improved by
increased interlayer pacing, the reason for the different cell performance with MS160 and MS140
electrodes has not been clarified. EIS offers another insight into the electrochemical kinetics of the
MoS2 specimens. As shown in Figure 4.6, the Nyquist plots consist of a semicircle followed by a
tail. The intercept of the curve with the X-axis reflected the ohmic resistance of the solution and
the electrode, which did not show notable difference between the three samples. The low value (~
4 Ω, Table 4.1) of the ohmic resistance revealed the good conductivity of electrodes. The tail of
the MS220 EIS curve was less steep than those of MS160 and MS140, which indicated a larger
diffusion resistance on MS220 specimen compared with those of the layer expanded MoS2. The
data fitting results shows the Warburg impedance (s) decreased from 13.90 Ω·s-1/2 for MS220 to
1.96 Ω·s-1/2 for MS160 (Table 4.1), supporting that expanded interlayer accelerated the sodium ion
intercalation in the electrode. The diameter of the semicircle revealed the charge transfer resistance.
The larger charge transfer resistance of MS140 than that of MS160 explained the depressed power
production although they shared the same interlayer spacing (0.96 nm).
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Figure 4.6. EIS of MS140, MS160, and MS220 electrodes in 30 g/L NaCl solutions.
Table 4.1. Fitting results of EIS data with the Randles model (in 30 g/L NaCl solution)
Parameters

MS140

MS160

MS220

RS (Ω)

3.491

3.696

3.71

Q (F·s (a - 1))

84.24E-6

23.84E-6

26.24E-6

α

0.8901

0.9390

0.9415

Rct (Ω)

9.754

3.419

3.388

s (Ω·s-1/2)

2.405

1.959

13.90

Notes: RS is the solution resistance, Q represents the constant phase element and its Nyquist plot is a
straight line with a -απ/2 angle with the real axis. Rct is the charge transfer resistance, s is the estimation of
Warburg impedance.

4.5.

Working Principles of the capacitive concentration flow cell
The working principles of the cell with MnS2 electrodes was different from the cell with

CPM electrodes, in terms of the formation mechanism of electrode potential and the Donnan
potential. Different from CPM electrodes, MS160 electrodes worked as a pseudocapacitor. The
electrode potentials, as shown in Figure 4.7, linearly increased with the log of solution
concentration. And the potential difference in HC and LC solution was 0.07 V.
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Figure 4.7. Spontaneous potentials of the MS160 electrode in 1, 5, 10, 20, 30, 50 g/L NaCl solutions.

The Donnan potential was generated by the transferring of Cl- through the AEM and it was
about 0.08 V. To verify the formation mechanism, the OCV and power production from cells with
different membrane (Figure 4.8) were evaluated. When the AEM was replaced by a non-selective
membrane (filtration membrane, FM), the Donnan potential was eliminated and the OCV
decreased to ~0.08 V, which was resulted from the electrode potential difference (~0.07 V) and
the junction potential from the filtration membrane. When the AEM was replaced by CEM, the
OCV of the cell decreased to a much lower level (0.01 V), as the Donnan potential generated by
Na+ transferring was opposite to the electrode potential difference. The little power production
form cell with FM or CEM were in accordance with the OCV and further validated the working
principle.
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Figure 4.8. (a) Open circuit voltages and (b) representative power curves of the cells with MS160
electrodes separating by an AEM, CEM, or FM.

In summary, the overall working principle of the cell with MoS2 electrodes is illustrated in
Figure 4.9. The cell voltage (~0.15 V) consisted of an electrode potential difference resulting Na+
intercalation (~0.07 V) and the Donnan potential (~0.08 V) (Figure 4.9a). The MS160 electrodes
exposed to the HC solution is more favorable than the one in LC solution to have Na+ intercalation.
Once connected, electrons would flow from the electrode in the LC solution to the one in the HC
solution to counterbalance the charge from Na+ intercalation. The charge in the solution, then, was
balanced by the Cl- transferring from HC to LC solutions driven by the Donnan potential. When
the HC ad LC solutions were switched, the previously charged electrode became less favorable to
have Na+ intercalation. Consequently, the Na+ would be released and the electrons would flow in
the opposite direction. Meanwhile, more Na+ intercalated into the other channel, which also drove
the electrons to flow in. These processes, then, resulted in a reversed OCV.

36

Figure 4.9. (a) Potential profile across the cell. Green arrow marks the Donnan potential, black arrow
marks the cell potential. (b) Schematic representation of ions transportation and distribution throughout
the whole cell.
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5. SUMMARY AND CONCLUSIONS
Capacitive concentration flow cells with self-made electrodes, namely CPM-900 or MS160,
were proposed for SG energy extraction based on electrode capacitance and the Donnan potential.
Under optimal operation condition, the cell with CPM-900 electrodes produced a peak power
density of 5.33 W m-2, an average power density of 0.95 W m-2, and an energy density of around
30 J m-2, over 100 cycles using synthetic seawater (30g L-1 NaCl) and river water (1g L-1 NaCl).
The cell with MS160 electrodes produced slightly lower power density with a peak power density
of 5.21 W/m2 and an average power density of 0.76 W/m2, but the energy density it generated was
notably higher (66.59 J/m2), as a result of longer cycling time.
The power output of the concentration flow cells with CPM-900 or MS160 electrodes was
much higher than any other traditional CDLE-based systems and capacitive concentration flow
cells with other carbonaceous electrodes (e.g., hydrogel carbon and commercial activated carbon).
Their superior electrochemical behaviors were ascribed to the advantageous properties of the
electrode materials. For the CPM electrodes, the macroporous architecture achieved better water
permeability and lower mass transfer resistance, which outmatched other carbonaceous material
ever studied. For the MS160 electrodes, they produced impressive energy density over 30 times
when compared to the MS220, owing to their largest interlamellar spacing of 0.96 nm at plane
(002) with easily accessible diffusion channels for Na+ intercalation. In addition to the electrode
properties, the employment of the Donnan potential and the double-channel structure of the cell
also played an important role in improving cell performance. The double-channel flow cell fully
utilized the electrode potential and the Donnan potential, allowed spontaneous power production
without an external charge. The electrode materials were synthesized by a simple pyrolysis or
hydrothermal method, which made this system more economically feasible than other system that
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using battery materials. Moreover, this system was durable because it worked steadily over 100
cycles and was versatile for varying salinity concentrations.
Future efforts will look to improve the cell efficiency by optimizing electrode properties
(e.g., surface charge and pore size for carbonaceous material, interlayer spacing for layered
structure material, conductivity) through well-guided approaches from theory.
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APPENDIX A. SUPPORTING FIGURES

(a)

(b)

(c)

Figure A.1. Representative power density and cell voltage profile using CPM-900 with (a) CEM, (b)
AEM, and (c) FM as a separator. (1 g L-1 and 30 g L-1 NaCl solutions; Cutoff voltage = 5 mV; Rext = 8 Ω)
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Figure A.2. Peak power densities, average power density and energy density of concentration flow cells
with commercial activated carbon (CAC) electrodes at different external resistances (cutoff voltage was 5
mV).

Figure A.3. Randles circuit. R1 is the resistance from solution, Q2 represents a non-ideal capacitor, R2 is
the charge transfer resistance from electrode, and W2 means the Warburg impedance results from ion
diffusion.
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Figure A.4. Zeta potentials of CPM materials and CAC in LC (1 g L-1) and HC (30 g L-1) NaCl solutions.
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